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Abstract
Background—Heat is recognized as one of the deadliest weather-related phenomena. Although
the impact of high temperatures on mortality has been a subject of extensive research, few
previous studies have assessed the impact of population adaptation to heat.
Methods—We examined adaptation patterns by analyzing daily temperature and mortality data
spanning more than a century in New York City. Using a distributed-lag non linear model, we
analyzed the heat-mortality relationship in adults age 15 years or older in New York City during
two periods: 1900 to 1948 and 1973 to 2006, in order to quantify population adaptation to high
temperatures over time.
Results—During the first half of the century, the decade-specific relative risk of mortality at 29
°C vs. 22 °C ranged from 1.30 (95% confidence interval=1.25 to 1.36) in the 1910s to 1.43 (1.37
to 1.49) in the 1900s. Since the 1970s, however, there was a gradual and substantial decline in the
relative risk, from 1.26 (1.22 to 1.29) in the 1970s to 1.09 (1.05 to 1.12) in the 2000s. Age-specific
analyses indicated a greater risk for people age 65 years and older in the first part of the century
but there was less evidence for enhanced risk among this older age group in more recent decades.
Conclusion—The excess mortality with high temperatures observed between 1900 and 1948
was substantially reduced between 1973 and 2006, indicating population adaption to heat in recent
decades. These findings may have implications for projecting future impacts of climate change on
mortality.
Heat-related mortality has become a research topic of increasing importance as a result of
increases in average temperature - as well as temperature extremes - due to climate change.
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Since the early 2000s, and particularly after the 2003 European heat wave,1-3 multiple
studies have been carried out to characterize temperature effects in various locations.4-9
These studies have found J-shaped or U-shaped temperature-mortality relationships,
depending on the location. Some studies have limited the analysis to the summer months in
order to focus on heat effects.
In a literature review, Basu10 concluded that temperature has an independent effect on
mortality and that the confounding effects of particulate matter and ozone are relatively
small. In addition to their effects on mortality, heat extremes affect health in other ways. For
example, high temperatures have been associated with increases in hospitalizations and
emergency room visits.11-14 The leading risk factors for heat-induced morbidity and
mortality are very young or old age, pre-existing medical conditions, social isolation, and
poverty.10, 15-17 In western societies including the United States, people aged 65 and over
are the most vulnerable to heat-related mortality.5, 18, 19
Daily mortality data are rarely available before the 1960s. A better understanding of the
historical impact of temperature on mortality may provide valuable insights about historical
patterns of population adaptation to high temperatures and improve methods for projecting
heat-related deaths into the future. Carson and colleagues20 reported a weakening of
temperature effects on cold- and heat-related mortality in London, United Kingdom in the
course of the 20th century. Their study used weekly mortality data, making interpretation
with respect to daily effects challenging. Ekamper and colleagues21 analyzed 150 years of
daily temperature-related mortality in the Netherlands in 25-year increments and reported a
reduction in the heat effect since the 1930-1954 period. A recent study by Åström and
colleagues22 of 110 years of daily mortality and temperature data in Stockholm County,
Sweden found a similarly declining trend in heat-related mortality over time. The declining
trend appears to have plateaued in recent decades.
We address this issue by characterizing the relationship between daily summer-time
temperature and mortality since 1900 in New York City. New York City is particularly
susceptible to the effects of high temperatures due its dense population, including many
vulnerable residents.23
Heat has been recognized as a public health hazard in New York City for over a century. In
1896, after a prolonged heat wave, over 1500 people were reported to have died in the
city.24 Dating back to this time are some of the earliest city efforts to prevent the impacts of
heat, particularly among vulnerable populations. During the 1896 heat wave, Theodore
Roosevelt, a mayoral candidate at the time, championed the distribution of free ice to the
poorest communities of New York City.24 Today, the city has implemented various city-
level measures during heat-wave episodes, such as heat warning systems and cooling
centers.
The study of weather-related phenomena on daily mortality in New York City was
pioneered by Ellworth Huntington in the beginning of last century. In “Civilization and
Climate”, Huntington hypothesized that climatic conditions, such as temperature and
humidity have physiologically optimal levels, and that maintaining these levels may
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improve morbidity and mortality.25 In a subsequent analysis of daily mortality data for New
York City data between 1882 and 1888, Huntington and Justin found that mortality
increased rapidly as temperatures rose above 63°F. 26, 27
The mortality effects of high temperatures in New York City did not become a subject of
rigorous study until the 1970s. At that time, several studies investigated the possible impact
of air conditioning on heat-wave mortality across the United States. Marmor28 investigated
ratios of predicted-to-observed heat-wave mortality during 12 summers between 1949 and
1970 in New York City. This period was selected for study because air conditioning
ownership in the city had increased from virtually zero in 1949 to 14% in 1960 and 38% in
1970. The study reported decreasing excess mortality during early-summer heat-waves but
no similar change in excess mortality during heat waves occurring later in the summer.28
Davis and colleagues8 examined decadal changes in summer weather-mortality relationships
for 28 U.S. cities between 1964 and 1998 and found an overall decline in mortality on hot
and humid days. For New York City, the mortality increase with temperatures above an
apparent-temperature threshold of 30°C was greater in the 1960s and 1970s than in the
1990s.8 However, in a study of year-round weather-related mortality in eastern U.S. cities
(including New York City) by Curriero and colleagues,7 the relationship between weather
and mortality from 1973 to 1994 was found to be quantitatively similar to that for four
shorter periods within the same time frame. Comparison of findings across studies is
challenging due to the utilization of different modeling approaches.
We first present a historical analysis of the heat-mortality relationship in New York City
from 1900 to 1948, and compare it with the more recent period of 1973 to 2006. Next, we
investigate how the heat-mortality response has changed over time in both periods,
reflecting possible population adaptation. We discuss probable underlying mechanisms of
adaptation to heat in New York City, and the implications for modeling future effects of
high temperatures on mortality.
Methods
Mortality Data
1900-1948—Death records prior to 1949 are stored at the New York City Department of
Records and Information Services. Death records for later years are stored at the New York
City Department of Health and Mental Hygiene and were not directly accessible or available
in digital format. Death indexes, including each documented death in the five New York
City boroughs (Bronx, Brooklyn, Manhattan, Queens, and Staten Island) from 1900 to 1948,
were scanned by the Genealogy Federation of Long Island. Scanned records were entered
into an electronic spreadsheet and subsequently proofread and edited to ensure accuracy.
Each death record contains day, month, year, borough and person’s age at death. Age
information recorded in various formats in the original death certificate (e.g. 50 ½ years, ¾
months, stillborn) was converted into integers rounded to the lower value. Records
containing ambiguous information (such as unrealistic values for date or age) and spelling
errors (such as extra symbols or spaces) were eliminated. Records containing missing values
were also eliminated. Altogether, fewer than 0.5% of the records were eliminated.
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Annual numbers of deaths from these records were compared with the numbers published in
the New York City Department of Health’s annual Summary of Vital Statistics reports.
Annual data after 1936 were available from the New York City Department of Health
website.29 Annual data prior to 1936 were obtained directly from the Bureau of Vital
Statistics (eTable 1). Annual calculated numbers of deaths were between 0.02% and 4.94 %
(median 0.95%) higher than those reported. The number of deaths that occurred during well-
documented events (such as the PS General Slocum fire of 15 June 1904, the Triangle Fire
of 25 March 1911 and the 1918 flu epidemics) are consistent with reported data.
1973-2006—Daily multiple-cause-of-death mortality data for 1973-2006 were obtained in
collaboration with Joel Schwartz and colleagues at Harvard University School of Public
Health from the U.S. National Center for Health Statistics. The dataset contains daily death
counts for all five New York City boroughs.
Temperature Data
We obtained daily temperature data for the New York Central Park station from 1973
onwards from the National Climatic Data Center. Daily temperature data before 1949, also
for New York Central Park, were obtained from the United States Historical Climatology
Network. There were five missing records in the data prior to 1949 that were substituted
with the averages of the previous and following day temperatures.
Analysis of temperature-mortality relationships
We characterized the temperature-mortality relationships for each period using the
distributed-lag non-linear model module in R.30 Distributed-lag non-linear models allow a
simultaneous characterization of the non-linear and lagged effects of temperature on
mortality.31,32 The temperature-mortality analysis was restricted to the summer months
(June to September) because we wanted to focus on heat-related mortality. Also, the cause
of death was not available in our data, and we were unable to account for influenza deaths
during the winter months. We limited the analysis to adults (15 years or older) and derived
models using the total number of deaths, as well as, deaths for three age groups: 15-44,
45-64, and 65 years and older. Note that since life expectancy was shorter at the beginning
of the century, the number of deaths in individuals 75 years and over was very small. Data
were analyzed by decade: 1900-1909 (1900s), 1910-1919 (1910s), 1920-1929 (1920s),
1930-1939 (1930s), 1940-1948 (1940s), 1973-1979 (1970s), 1980-1989 (1980s), 1990-1999
(1990s) and 2000-2006 (2000s).
We developed the decadal models using mean daily temperature and 22 °C (corresponding
to approximately the 80th percentile of annual temperature) as a reference temperature for
calculating relative risk. Fixed temperatures, rather than decade-specific percentiles, were
used in estimating temperature effects because this approach allowed comparisons of the
impact of an identical temperature exposure on mortality over time. Preliminary analyses
indicated that results were not affected substantially if decade-specific percentiles were
used. The models were fitted using a quadratic spline with 4 degrees of freedom (two
equally spaced knots) for temperature and a natural spline with 4 degrees of freedom for the
lag, and controlling for seasonal and day-of-week effects. Quadratic spines have the
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advantage of not being constrained at the boundaries and thus are flexible enough to capture
mortality effects at the highest temperatures.33 We considered lag durations between 3 days
and 10 days to explore possible changes in the lag structure over time; a lag of 5 days was
selected for the main model. We also tested models with both quadratic and natural cubic
splines and found that the Akaike’s Information Criterion for quasi-Poisson models (Q-AIC)
was consistently lower for models with quadratic splines. In sensitivity analyses, we fitted
models with quadratic splines ranging from 4 to 6 degrees of freedom for the temperature
and from 3 to 5 degrees of freedom for the lag. We considered this amount of smoothing
sufficient to capture the underlying non-linear relationship. We controlled for seasonal
cycles using a natural spline with 2 degrees of freedom per year, and we controlled for
within-summer seasonal variation using a natural spline with 4 degrees of freedom for day
in year.33, 34 The decadal cumulative relative risk estimates at 29°C (corresponding to
approximately the 99th percentile of mean daily temperature) were chosen as a marker of
the heat effect. To test for the difference in the effect of heat on mortality over time, we
carried out univariate random-effects meta-regression estimated by restricted maximum
likelihood.35 The R code for the main analysis is provided in the eAppendix.
Results
Summary temperature statistics and population data 36, 37 for New York City during the
study time periods are presented in Table 1 and eFigure 1, respectively.
Previous studies have reported that the seasonality of mortality has changed substantially
over time. In Japan, for example, peak mortality has shifted in the course of a century from
summer to winter months.38 We did not observe a similar transition in New York City. The
seasonality of mortality in New York City was similar for each decade since the 1900s
(results not shown), but with peak mortality between January and April in the beginning of
the century and between December and March in more recent years. This slight shift in
seasonal peak is controlled for in our analysis by using different models for each decade,
each of which can flexibly control for seasonal effects on mortality.
The non-linear distributed-lag models showed a similar relationship between temperature
and mortality for all periods. Decadal temperature—mortality curves of overall cumulative
risk are presented on Figure 1. The heat effect was much more pronounced in the first five
decades. For the most recent decades, the temperature effect was highest in the 1970s and
diminished across the next three decades. The lag structure (Figure 2) also changed over
time. During the first half of the century, we observed a partial harvesting effect
immediately after the substantial increase in mortality in the first days following heat
exposure. The harvesting effect was particularly pronounced during the 1910s. Nonetheless,
the heat effect was only partially compensated for by harvesting. Decade-specific
temperature-mortality curves and lag structure charts are presented in Figures 2 and 3,
respectively.
To summarize the change in the temperature effect over time, we plotted cumulative relative
risk estimates at 29°C (Figure 3) versus the reference temperature of 22°C. As the plot
illustrates, there was no evidence of adaptation during the first half of the century. Relative
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risks fluctuated between 1.30 (95% confidence interval [CI] =1.25-1.36) in the 1910s to 1.43
(1.37-1.49) in the 1900s during this period. The random-effects meta-regression (including a
binary indicator for period) showed strong evidence of a difference between the first and the
second part of the century. Predicted average relative risks were 1.38 (1.31-1.44) for the
period between 1900-1948 and 1.15 (1.09-1.2) for 1973-2006. Since the 1970s, there has
been a gradual decline in the relative risk, indicating population adaptation to heat. The
random-effects meta-regression including a linear term for decade estimated a decrease of
4.6% (95%CI=2.4%-6.7%) per decade.
Results from the age-specific analyses are presented in Table 2. During the first part of the
century, the temperature effect was most substantial for the oldest age group (age 65 years
and older). More homogeneous and consistently decreasing risk is indicated in the second
part of the century. By the 1980s there is less evidence of excess mortality among the oldest
group. Age–specific temperature-mortality curves and lag structures are displayed in the
eFigures 4 - 9.
Results from the sensitivity analysis for the temperature effect along with Akaike’s
Information Criterion for quasi-Poisson values for each alternative model are presented in
the eTables 2 and 3. Estimates were robust to alternative modeling choices, except for the
1900s. The differences across models for this decade are due to the 1901 heat wave, which
was the deadliest in New York City during our study period.
Discussion
Heat-related mortality has taken on increasing relevance in recent years with widespread
increases in average temperatures – as well as temperature extremes – due to climate
change. Our analysis of daily mortality in New York City between 1900 and 1948 and
between1973 and 2006 provides historical insights about the summer temperature-mortality
response since the beginning of the 20th century.
Using non-linear distributed lag models to characterize the overall relationship between
temperature and mortality during the five decades between 1900 and 1948 and the four
decades between 1973 and 2006, we observed more pronounced heat effects in the first five
decades. Many factors may underlie the substantial heat effect in the first half of the 20th
century. Housing conditions, especially in New York City’s immigrant communities, were
particularly poor in the beginning of the century. During this period, many immigrants
settled in tenement buildings or in multifamily dwellings with one or two rooms per family.
Many tenements had no windows. Although the Tenement House Act of 1867 required
tenements to meet basic sanitary and health standards, few improvements were introduced
until the 1920s. Many tenements were not replaced with modern buildings until several
decades later. Ice and cold liquids were among the primary means for alleviating heat stress
at the time, but these were not widely accessible in the early part of the century. Commercial
refrigerators were not introduced until 1915, and they were not common until the 1930s.
Even with technological and lifestyle improvements during the first part of the 20th century,
the population sensitivity to heat did not decline.
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The successful adaptation to heat in the second part of the century may be due largely to
increased use of air conditioning. By the 1970s, the heat effect had started to decline as air
conditioning prevalence increased. Individual room air conditioning became available in the
1950s and central air conditioning became common in the 1970s. In 1970, 39% of
households surveyed in the NYC metropolitan area had air conditioning, and fewer than 4%
of them had central air conditioning.39 By 2003, 84% of surveyed households had air
conditioning, and 16% had central air conditioning.40 These findings suggest that access to
comfortable indoor environments, particularly during the hottest days, may be the most
important factor in the decline in heat-related mortality. The introduction in more recent
years of heat-warning systems and of cooling centers may also have contributed to
decreasing vulnerability.
As expected, the temperature effect was most substantial in the oldest age group during most
decades. Temperature effects have declined substantially since the beginning of the century
in all age groups, and the decline has been particularly pronounced in persons age 65 or
older. The substantial decrease in heat sensitivity among older people may reflect
improvements in overall health, and perhaps a greater awareness of the risks presented by
exposure to high temperatures.
We also observed a change in the lag structure of the temperature effect over time. The
harvesting effect that was evident during the first couple of days after exposure in the early
part of the century may indicate more deaths among the most susceptible persons who did
not have access to any form of relief from the heat.
One limitation of our study is that we were unable to adjust for any measure of air pollution.
In addition, since we did not have information on the underlying causes of death, we were
unable to investigate how changing disease patterns (such as the substantial decline in
cardiovascular mortality) might have influenced trends in heat-related mortality.
This work has several important implications for projecting future mortality effects of
climate change. First, historical trends may not accurately predict future risk. For example,
using the estimates from the 1970s to project mortality in the 2000s would have
substantially overestimated heat effects. A recent review found that half of the studies
projecting heat-related mortality under various climate-change scenarios have based
projections on historical relationships without consideration of heat adaptation.41 Models for
future mortality should take into account changing risks that relate to adaptation processes,
including the increased availability of air conditioning.23 Second, despite the diminished
sensitivity to heat over time, the temperature-mortality curves for New York City have
maintained a similar shape throughout the century. This should be taken into account in
projecting future temperature effects. Finally, historical data may be useful in projecting
possible effects of heat (and, in particular, heat waves) in the event of future power outages
or natural disasters, during which the population may lose access to air conditioning for
extended periods.
In conclusion, we examined the relationship between summer daily temperature and
mortality since the beginning of the 20th century. Heat effects were more pronounced in the
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first five decades, despite substantial technological and lifestyle improvements in New York
City during the first part of the 20th century. We also found evidence of a short-term
harvesting effect in the first part of the century, which partially offset the substantial heat
effects during this period. In contrast, there has been a substantial decrease of the heat effect
since the 1970s, which may reflect the rapid spread and widespread availability of air
conditioning.
To our knowledge, this study was the first to examine daily temperature effects in any large
U.S. city over a period spanning more than a century, using modern statistical methods. Our
findings can potentially have important implications for projecting future mortality impacts
of climate change.
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Temperature – mortality curves of overall cumulative relative risk for New York City by
decade, 1900s -2000s. Calculated using a distributed lag non-linear model with a quadratic
spline with 4 degrees of freedom for the temperature and a natural cubic spline with 4
degrees of freedom for the lag and 22°C as a reference temperature.
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Lagged relative risks at 29°C relative to 22°C by decade, 1900s-2000s. Calculated using a
distributed lag non-linear model with a quadratic spline with 4 degrees of freedom for the
temperature and a natural cubic spline with 4 degrees of freedom for the lag.
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Overall cumulative relative risk at 29°C relative to 22°C on mortality in New York City by
decade, 1900s-2000s. Calculated using a distributed lag non-linear model with a quadratic
spline with 4 degrees of freedom for the temperature and a natural cubic spline with 4
degrees of freedom for the lag.
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Table 1
Temperature (°C) and population statistics for New York City by decade, 1900s-2000s
Percentile of annual mean temperature
Annual mean temperature 90th 95th 99th Population No.
1900s 11.9 25 26.4 29.2 3,437,202
1910s 11.7 24.2 25.8 28.7 4,766,883
1920s 11.8 23.9 25.6 28.3 5,620,048
1930s 12.5 25 26.4 28.9 6,930,446
1940s a 12.3 25 26.4 29.2 7,454,995
1970s b 12.6 25 26.7 29 7,894,862
1980s 12.9 25.3 27.2 29.7 7,071,639
1990s 13.2 25.3 26.7 29.4 7,322,564
2000s c 13 25 26.7 29.6 8,008,278
a
The 1940s include data from 1940 to 1948.
b
The 1970s include data from 1973 to 1979.
c
The 2000s include data from 2000 to 2006.
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Table 2
Age-specific overall cumulative relative risk of death at 29°C relative to 22°C in adults (age 15 years and
older) in New York City by decade, 1900s-2000s. Calculated using a distributed lag non-linear model with a
quadratic spline with 4 degrees of freedom for the temperature and a natural cubic spline with 4 degrees of
freedom for the lag.
Age (years)
Total 15-44 45-64 Over 65
RR (95%CI) RR (95%CI) RR (95%CI) RR (95%CI)
1900s 1.43 (1.37-1.49) 1.33 (1.26-1.40) 1.48 (1.39-1.58) 1.57 (1.46-1.68)
1910s 1.30 (1.25-1.36) 1.25 (1.17-1.33) 1.24 (1.17-1.32) 1.48 (1.38-1.58)
1920s 1.39 (1.34--1.45) 1.24 (1.16-1.33) 1.32 (1.24-1.40) 1.64 (1.53-1.77)
1930s 1.36 (1.32-1.41) 1.26 (1.18-1.33) 1.34 (1.28-1.41) 1.45 (1.38-1.52)
1940s 1.39 (1.35-1.44) 1.23 (1.15-1.31) 1.30 (1.24-1.35) 1.52 (1.46-1.59)
1970s 1.26 (1.22-1.29) 1.10 (0.99-1.22) 1.17 (1.11-1.24) 1.30 (1.26-1.35)
1980s 1.15 (1.12-1.17) 1.20 (1.11-1.29) 1.07 (1.02-1.12) 1.17 (1.14-1.20)
1990s 1.11 (1.09-1.14) 1.12 (1.04-1.21) 1.10 (1.04-1.16) 1.11 (1.08-1.15)
2000s 1.09 (1.05-1.12) 1.07 (0.94-1.23) 1.07 (0.99-1.15) 1.09 (1.05-1.13)
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